The structural and magnetic properties of BaMn2Si2O7 have been investigated. The magnetic susceptibility and specific heat, measured using single crystals, suggest that the quasi-one-dimensional magnetism originating from the loosely coupled Mn 2+ chain carrying S =5/2 is present at high temperatures, which is similar to the other quasi-one-dimensional barium silicates, BaM 2Si2O7 (M : Cu and Co). The Néel temperature (TN∼ 26 K) is high compared to the magnetic interaction along the chain (J = -6 K). Neutron powder diffraction study has revealed that the magnetic structure is long ranged with antiferromagnetic arrangement along the chain (c) direction and ferromagnetic arrangement along the a and b axes. Detailed structural analysis suggests that the interchain interaction via Mn-O-Mn bond along the a axis is relatively large, which makes the system behave more two-dimensionally in the ac plane and enhances TN.
I. INTRODUCTION
In low-dimensional quantum Heisenberg antiferromagnets, quantum spin fluctuations disturb long-range magnetic order. In the purely one-dimensional (1D) system, such as the S = 1/2 chain system, there is no magnetic ordering even at T =0 K. 1 However, in real materials, even a small amount of interchain coupling gives rise to three-dimensional (3D) magnetic order at a temperature much lower than the interchain coupling. 2 The 3D magnetic ordering is stabilized at higher temperatures in the quasi-1D Heisenberg system with larger S. While the spin correlations mainly develop along the chain direction with decreasing temperature, finite interchain couplings also make the spin correlation perpendicular to the chain develop. If the chains form a layered structure, there could be an intermediate region, where the two-dimensional (2D) behavior is observed, before the system finally shows a 3D magnetic order.
The mixed alkaline earth and transition metal silicate, AM 2 Si 2 O 7 (A: alkaline earth and M : transition metal), is a typical low-dimensional spin system. The material has a layered structure similar to akermanites, and the presence of the large barium ions can enhance the lowdimensional character of these materials. BaCu 2 Si 2 O 7 is the most studied compound in this family because this is a good example of the S=1/2 quasi-one-dimensional antiferromagnet. In this orthorhombic P n m a compound, the zigzag chain (-Cu-O-Cu-) is coupled by the corner-sharing CuO 4 plaquettes with the bond angle of Cu-O-Cu 124
• . Based on inelastic neutron scattering of BaCu 2 Si 2 O 7 , the exchange integral values are |J | = 280.2 K along the chain (c axis) and J a = −5.4 K, J b = 2.3 K, and J [110] = 0.9 K in the ab plane (between the chains). The ordering temperature is T N =9.2 K, and the ordered magnetic moment, pointing along the chain, is 0.15µ B . 3, 4 In addition, the specific one-dimensional magnetic behaviors of BaCu 2 Si 2 O 7 , such as spin-wave modes and gaps, [4] [5] [6] [7] [8] spin-flop transition, [9] [10] [11] [12] and pressure effect, 13 have been studied both experimentally and theoretically.
To understand the magnetic behavior in this system in more detail, one method is keeping the same magnetic ions, while substituting Si 4+ ions for Ge 4+ , which makes the intrachain interaction enhanced.
14 Another option is changing the magnetic ions. In the past years, the Cu cations have been replaced by other ions with different spin values, such as Co 2+ with S=3/2 and Mn
2+
with S=5/2. For example, BaCo 2 Si 2 O 7 is a quasi-onedimensional material with a lower monoclinic symmetry and a space group of C 1 2/c 1. In this material, the CoO 4 unit has a distorted tetrahedron structure, although the CuO 4 unit in BaCu 2 Si 2 O 7 has a plaquette structure. [15] [16] [17] BaMn 2 Si 2 O 7 is isostructural to BaCo 2 Si 2 O 7 . Based on the powder bulk measurements, Lu et al. found a one-dimensional behavior of the magnetism at high temperatures(J=-7.41 K) but no longrange magnetic order down to ∼5 K. They also found an anomaly around 20 K in magnetic susceptibility, which was ascribed to a transition from 1D to 2D magnetism.
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It is important to clarify the magnetic ground state and a possible transition from one-dimensional to twodimensional magnetism in BaMn 2 Si 2 O 7 . We performed magnetic susceptibility (χ) and specific heat (C p ) measurements using a single crystal. The χ measurement suggests a one-dimensional magnetic behavior starts around ∼ 26 K. Single-crystal x-ray diffraction and neutron powder diffraction measurements were also performed to determine the magnetic and lattice structures. We found that BaMn 2 Si 2 O 7 shows a three-dimensional magnetic order below T N ∼ 26 K. There was no clear sign of a dimensional crossover from 1D to 2D around T N . Structural study suggests that the interchain coupling via Mn-O-Mn bond along the a axis is relatively large, which makes the system behave more two-dimensionally in the ac plane and enhances T N .
II. EXPERIMENT
Polycrystalline BaMn 2 Si 2 O 7 was synthesized by the conventional solid state reaction method. A stoichiometric mixture of BaCO 3 , MnO, and SiO 2 was ground together and calcined in Ar at 1200
• C for 40 hours. A single crystal of BaMn 2 Si 2 O 7 was grown by the floating-zone (TSFZ) technique. The growth was carried out in flowing Ar with an IR-heated image furnace (NEC) equipped with two halogen lamps and double ellipsoidal mirrors with feed and seed rods rotating in opposite directions at 25 rpm during crystal growth at a rate of 5 mm/h. Around 5 mm size single crystal was obtained. The magnetic measurements were performed with a Superconducting Quantum Design Interference Device (SQUID) magnetometer with an applied magnetic field of H=2000 Oe. The M (H ) curve was measured at 5 K. The specific heat measurements were performed with a PPMS (Physical Property Measurement System, Quantum Design) in the temperature range from 1.90 K to 300 K. Singlecrystal x-ray diffraction (XRD) data were collected with a Mo K α source at room temperature.
Neutron powder diffraction(NPD) experiments were performed at the High Flux Isotope Reactor (HFIR) of the Oak Ridge National Laboratory (ORNL). About 5 g fine powder was loaded in a vanadium-cylinder can, and mounted in a close-cycled refrigerator. The preliminary neutron diffraction data were obtained from the Wide Angle Neutron Diffractometer (WAND). Highresolution neutron powder diffraction measurements were performed using a neutron powder diffractometer, HB2A. The neutron wavelengths are λ=1.538 and 2.406Å at selected temperatures using a collimation of 12 ′ -open-6
′ . The shorter wavelength gives a greater intensity and higher Q coverage that was used to investigate the crystal structures in this low-temperature regime, while the longer wavelength gives lower Q coverage and greater resolution that was important for investigating the magnetic structures of the material. The diffraction data were analyzed by the Rietveld refinement program FullProf.
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The magnetic order parameter measurements were carried out at the HB1A neutron triple-axis spectrometer of HFIR. HB1A was set up in an elastic configuration with λ = 2.359Å. A pyrolytic graphite (PG) (002) monochromator and analyzer were used together with collimation of 40
Contamination from higher order beams was removed using PG filters. 
III. RESULTS
A. Macroscopic properties
Magnetic susceptibility
The temperature dependencies of the magnetic susceptibility χ were measured parallel and perpendicular to the b-axis with an applied field of 2000 Oe, as shown in Fig. 1(a) . A broad symmetric peak was observed near 55 K in both directions, while the susceptibilities parallel and perpendicular to the b axis split at 26 K, which suggests a long-range magnetic ordering with the spin easy axis along the b axis. The high-temperature bump is a typical behavior of the linear-chain Heisenberg antiferromagnet and could be predicted by the modified Bonner-Fisher model for the S=5/2 system with two assumptions: (1) The interchain interactions are small; (2) the manganese ions interact with each other along the individual chain equally, although there are three different Mn sites and three different interactions accordingly, as described in Sec.III-B. The susceptibility χ is then expressed as, 20, 21 where
S, k B , g, T , and J are the quantum spin number, Boltzmann constant, Lande factor, temperature, and antiferromagnetic interaction exchange along the chain, respectively.
The quantitative fitting curve (black line) is compared to the experiential data (red/blue dots) in Fig 1(a) . In the fitting S was fixed at 5/2. g b was fitted to be 1.62, which is smaller than 2, suggesting that the g-factor is anisotropic due to the spin-orbit coupling in this Mn system. In addition, the AF interaction along the chain J is -6.0(0.2) K (-0.51(0.2) meV). Although it is much Figure 2 shows the specific heat in BaMn 2 Si 2 O 7 . A sharp peak was observed at 26 K, consistent with T N observed in the magnetic susceptibility measurement. The sharp peak was not observed in the previous measurement with a powder sample. 18 The magnetic specific heat was obtained by subtracting the lattice contribution. The Thirring model was applied to estimate the lattice specific heat, 23, 24 
Specific heat
where N is the number of atoms in the unit cell, R is the ideal gas constant, µ = (2πT / θ D ) 2 + 1, and θ D is the Debye temperature. In the fitting, b 1 = -2. specific heat, we obtained the entropy change involved in the transition from the area under the anomaly by a C p /T versus T plot.
The lower inset of Fig. 2 presents the magnetic C p /T and the entropy S after subtracting the lattice specific heat around T N . A broad maximum is observed around 30 K, in addition to the sharp magnetic peak at ∼26 K. The similar broad peak was also observed in the previous study with a powder sample. 18 The entropy change takes place over a wider temperature range from 55 K to 15 K, and ∼ 48% is entropy lost at T N due to the short-range ordered state in the low-dimensional magnet.
B. Structural properties
Crystallographic structure
The crystal structure was obtained from the refinement of the 300 K data of HB2A shown in Fig. 3(a) . The NPD pattern can be indexed in a monoclinic unit cell with a = 7.2767(16)Å, b = 12.9370(27)Å, c = 14.0022(31)Å, and β = 90.213 (4) • . The space group is C 1 2/c 1 with one manganese atom at the 8f (x, y, z) site and two manganese atoms at the 4e (0, y, 1/4) site, the other atoms (barium, silicon, and oxygen) are all located at the 8f site. Detailed information about the structural refinement and the atomic coordinates is summarized in Table I . The single-crystal XRD was also applied to determine the nuclear structure, and it is consistent with that determined by the NPD measurement. Figure 5 illustrates the refined lattice structure and the Mn-nteractions in the ac plane.
Magnetic structure
Below T N , magnetic Bragg reflections were observed. Figure. 3(b) shows the low-temperature NPD pattern of HB2A with the refinement results of both magnetic and nuclear structure unit cell. The diffraction patterns with good statistics were also collected at several temperatures. No observable structural change was detected around T N .
The temperature dependence of the phases in the range of 1.15≤ Q ≤1.65Å −1 were obtained by HB1A, Fig. 4 . The magnetic Bragg peaks at 1.258 and 1.586Å −1 develop at low temperature. The order parameter data at 1.258Å −1 , the inset of Fig. 4 , clearly presents that a long-range magnetic ordering transition exists at T N =26 K, which is in good agreement with the data of the magnetic susceptibility and specific heat. Figure 5 illustrates the magnetic structure of the Mn 2+ spins (black arrows). The spin arrangement is antiferromagnetic along the chain (c axis) and ferromagnetic along the a and b directions. Although Mn ions occupy three different positions in this system, there was no evidence suggesting that they have different moment. In addition, the spin components along the a-axis were found to be very small from the magnetic structural analysis. Therefore, the spins were aligned along the b axis with the ordered moment of 3.9µ B for all three Mn 2+ ions at 4 K.
Magnetic interactions
The Ba atoms occupy the channels formed by these infinite chains and are aligned parallel to the c axis. MnO 4 tetrahedra are connected with each other via cornersharing, forming one-dimensional infinite chains along the c axis. The Mn-Mn chain is highlighted by connected bonds in gray in Fig. 5 , and the distorted zigzag (ii) Along the a axis, the -Si-O-bridges connect the M chains by 3 bonds, so that the interchain interaction along the a axis is stronger than along b axis, although it is still weak. However, the M O 4 tetrahedron distortion increases the hybridization between M and oxygens, which forms ferromagnetic interaction between M moments from different chains and changes the bond lengths and angles between M and O ions in different chains as shown with the black dashed lines in Fig. 5(b) . This is our proposed mechanism for building up the transferring bridges in BaM 2 Si 2 O 7 , which shows how the interaction between the M chains is modified. The bond lengths and angles in BaM 2 Si 2 O 7 are summarized in Table II .
IV. DISCUSSION
In order to understand the critical behavior of the magnetic sublattice for BaMn 2 Si 2 O 7 , the temperature dependence of the magnetic peak was analyzed, Fig. 4(inset) . A simple power law was applied to fit the integrated intensities, I, of the magnetic diffraction peaks near the transition temperature, where T N is the Neél temperature, I 0 is the integrated intensity at base temperature, and β is the order parameter critical exponent. The obtained critical exponent is 0.22 ± 0.1 for the magnetic peak, shown in Fig. 4 , which is incompatible with the three-dimensional Heisenberg model (β ∼ 0.345), and a typical value for a low dimensional material.
In the BaM 2 Si 2 O 7 system, the M chain is formed by superexchange via the oxygen bridges, which makes the interactions of the -Mn-O-Mn-chain in BaMn 2 Si 2 O 7 more complicated than the -Cu-O-Cuchain in BaCu 2 Si 2 O 7 . There are three different positions for the Mn 2+ ions in BaMn 2 Si 2 O 7 , so it is hard to compare the superexchange interactions directly by single bond angles and lengths. The superexchange between 3d-2p-3d electrons can be described by the overlap integral b 2 , and 
Si ( given by,
where d is the bond length. which points along the c axis, therefore, the superexchange interaction via Cu-O(4)-Cu bond is strong 6 . In BaCo 2 Si 2 O 7 , the square planar of CoO 4 is distorted to form a tetrahedron, which leads the Co 2+ orbitals to split into e g and t 2g with e g orbitals fully occupied and t 2g orbitals half occupied. Since the three t 2g orbitals do not point along the neighboring oxygen ions, the hybridization between the Co 2+ and oxygen orbitals is not large. The similar crystal field effect due to the tetrahedral distortion happens in BaMn 2 Si 2 O 7 . Although both the e g and t 2g orbitals are half occupied in Mn 2+ , the cation size-effect is more significant so that the superexchange interaction is considered to be even weaker. In addition, 107.47
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the MnO 4 tetrahedron is more distorted at lower temperatures, therefore the intrachain interaction becomes weaker as the temperature decreases. Along the b axis, the the overlap of -Si-O-Si-at 300 K is strong in the all three samples due to the 2p-2p electrons interaction between Si 4+ and O 2− ions, but the correlation between the chains are transferred by 5 atoms and 7 bonds and the interactions are not expected to be strong.
Along the a axis, there are two mechanisms to describe the interaction between the M chains: 1) the M chain is connected by the SiO 4 tetrahedra. Although the distance between M chains along the a axis is not large, the interactions are transferred by 3 atoms and 5 bonds, which makes the interaction weak.
2) The hybridization effect between M and O ions is noticeable enough to increase the linking between the chains, as shown in Table IV Therefore, in BaCu 2 Si 2 O 7 , the interchain coupling along the a axis (J a ) should not be ignored compared to that along the c axis (J c ) as Eq. 3. The more appropriate Hamiltonian would be expressed as,
where S i and S j are the spin vectors on the ith and j th sites. The subscripts i, j a and c indicate that sums are restricted to nearest-neighbor spins along the a and c axes. Exchange interactions are restricted to nearest neighbor spins along the a and c axes. Positive and negative J represent ferromagnetic and antiferromagnetic exchange interactions, respectively. The spin structure shown above suggests that J c is antiferromagnetic and J a is ferromagnetic. From mean-field theory, the exchange energy could be expressed as,
which agrees with the report of Schulz et al.
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Since |J | ∝ b 2 , |J c | ≈ 2J a from the values of overlap integral along different directions, as shown in Table IV . As S =5/2 and T N =26 K, J c is estimated to be -3 K from Eq. 8, which is comparable to the estimated value from the magnetic susceptibility data, -6 K. An inelastic neutron scattering experiment using a single crystal is desired to determine the magnetic interactions unambiguously.
V. CONCLUSION
Neutron powder diffraction, magnetic susceptibility, and heat capacity techniques are applied to study the structural and magnetic properties of BaMn 2 Si 2 O 7 , which is considered to be a quasi-one-dimensional antiferromagnet. The magnetic ground state is determined to be a three dimensional antiferromagnetic ordered phase. T N (26 K) is rather high, compared to the magnetic coupling along the chain (-6 K) and the large spin value (S = 5/2). We found from the structural analysis that the high transition temperature is ascribed to the nonnegligible interchain coupling along the a axis.
